In this fourth paper of a series concerning charged particle behavior in ultralow frequency waves in the terrestrial magnetosphere, we examine the particle flux response expected in waves with a strong compressional magnetic component. Two effects, which we label betatron and mirror, dominate the behavior expected for nonresonant particles with the mirror effect expected in most circumstances. Resonant behavior is a strong function of signal symmetry, much as discussed in earlier papers. We conclude by examining recently published observations of particle flux oscillations associated with compressional signals.
INTRODUCTION
In this paper we extend studies presented earlier by Southwood and Kivelson [1981 Kivelson [ , 1982 and Kivelson and Southwood [1983] . Those earlier papers, referred to henceforth as papers 1, 2, and 3, respectively, put much emphasis on the properties of large-scale transverse magnetospheric ULF waves. Here we focus on compressional waves, i.e., waves with significant magnetic perturbations aligned with the background field, B.
Long-period (>_ 2 min) ultralow-frequency (ULF) compressional waves in the magnetosphere near synchronous orbit have been surveyed by Barfield and McPherron [1978] , Kremser et al. [1981] , and Higbie and McPherron [1982] . Specific events have been described by others (see references in the work of Southwood [1980] ), most recently by Walker et al. [1982, 1983] . A distinct type of ULF magnetic compressional signal is found in magnetotail vortex events [Saunders et al., 1981 [Saunders et al., , 1983a . Events already described in the literature provide considerable data illustrating the behavior of charged particles in compressional waves, and we will show how they relate to some of the theoretical ideas to be discussed here.
In interpreting the data, one would like to understand the relation between wave electromagnetic properties and the energy and pitch angle dependent phase and amplitude of particle flux oscillations. All of these must be understood in terms of both the local and large-scale structure of the waves. Ultimately, the purpose of the analysis is to identify the wave generation mechanism and to show how these low-frequency waves act to redistribute energy among the plasma populations of the magnetosphere and the ionosphere. However, such a goal is long term; our explicit aim in this paper is to describe the possible classes of particle flux behavior in a ULF signal with a significant magnetic compressional component. This paper should be read as part of a series (papers 1-3), so we will not repeat work we have already presented. In particular, we do not treat the gyrophase-dependent effects that dominate low-energy charged particle response. These are Copyright 1985 by the American Geophysical Union.
Paper number 4A1269. 0148-0227/85/004A-1269505.00 dealt with in paper 1, and are important for particles whose bounce frequency, to o , is less than the wave frequency, to. Neither do we treat the finite Larmor radius effects examined in detail in paper 3, although one should note that they are important in observed compressional signals. In this paper we restrict ourselves to treating particles whose Larmor radii are much less than any scale of wave signal variation.
COMPRESSIONAL EFFECTS
The presence of the fluctuating magnetic field component, bll, parallel to B produces specific effects on particle flux not considered in paper 1, and we examine those first. An estimate of when they dominate the contribution of the associated wave electric field which can be treated just as in our earlier papers is given in a later section.
We describe the particle response in terms of the phase space distribution function, f, a function of #, l/V, and L, where # and W are a particle's first adiabatic invariant and energy and L is the flux tube coordinate, equal to the radial distance in earth radii (Re) to the equatorial crossing point of the unperturbed flux tube. We assume that both spatial and temporal scales are sufficiently large that # = Wñ/B T is conserved. Here Wñ is the perpendicular kinetic energy and the total magnetic field is B r = B + b.
In the linear approximation, the perturbation in f produced by an arbitrary compressional signal has the form implied by The first two terms represent the acceleration and the radial displacement of a particle in the electromagnetic fields of the wave. The final term arises from the fact that, with # conserved, the velocity space coordinates scale with the total magnetic field. The corresponding change in f represents the exclusion of particles from regions of stronger magnetic field by a quasi-static compressive field perturbation. We label this term the "mirror effect" and explain it more fully in the appendix, which also reviews the relative roles of the first and third terms.
The particle energy change produced by the wave compression, bll, is c•bll (2) in a linear approximation. The compressional signal also produces a guiding center drift which we obtain by assuming B to be locally axisymmetric as we did in paper 1. Then we expect that the initial, steady state distribution is independent of longitude, The form of the response (13) depends critically on the symmetry of the wave perturbation along the field line, as well as on the relative magnitudes of four frequencies (c0, c0*, c%, cob).
Furthermore, the case of resonant particles for which co = mcoa + NCOb (14)
EQUATORIAL PARTICLE RESPONSE
For particles with 90 ø pitch angle located at the magnetic field equator (minimum in B), the bounce phase expansion is unnecessary and (13) adopts a simpler form which we can use to introduce ideas we shall also use in our general treatment.
In this case, 6f= (co-mco*) c•f /•bll Of --(co-mcoa) #bll 0W B 0#
The relative sizes of three frequencies determine the relative importance of the two terms in (15) and thus the nature of the particle response. Limiting cases are described in the following subsections. The inequalities are energy dependent, so, in general, they will hold only over part of any given distribution.
•o >> mw*, mwa
In the limit of large co, one has to a good approximation
Equation ( 
co* = coa
In much of the magnetosphere the distribution is one set up by injection across L shells by an adiabatic (•, J conserving) convection or diffusion process. In the case of equatorial particles, J = 0. If particles have been injected from large L regions, the particle energy will have varied as Noting that this paper exclusively concerns particles for which cob > co and further limiting our consideration of the energy change (26) to nonresonant particles (so that the denominator is nonvanishing), we can note that the (2/)th term is smaller than the first term by a factor of at least 
ELECTRIC FIELD EFFECTS
In the preceding sections we have outlined effects directly produced by a compressional magnetic signal. We have ignored the electric field associated with any time-varying magnetic signal other than the effect of curl E acting about the circle of gyration implicit in the acceleration equation (2) [Northrop, 1963] . In this section we describe the modification arising from the electric field and consider when they are or are not important.
Faraday's law gives Obll B
Ot --(V x E).• (40)
After some rearrangement, and with Ell--0, this can be writ- 
Thus the inequality l n < Lñ (46b) provides a guide (which, however, is neither strictly sufficient or necessary) for the neglect of terms proportional to I4•E, i.e., it implies fl/E < fl/ (47) We shall assume this inequality in the remainder of this paper, and therefore we omit contributions proportional to I4•E, calculating the change of energy from I4• of (2). The inequality (47) also allows us to simplify the calculation of radial velocity. This can be seen from (4) 
Neglect of (44) and use of (48) in place of (45) implies that direct compressional effects and possibly field line displacement dominate the wave. In the other extreme limit, with We >> W, E, effects are completely dominant. Then the treatment of paper 1 (for transverse waves) is appropriate, as the negligible terms in bll are the only ones specific to a compressional signal.
SUMMARY OF THEORETICAL PREDICTIONS
In the preceding sections we have reviewed the major effects that a compressional ULF magnetic signal could produce in a particle flux. We have assumed that the particles are sufficiently energetic that the particle bounce frequency exceeds or is of the order of the wave frequency, which allowed us to Conditions under which it is inappropriate to neglect the E x B motion of the particle gradient can be obtained by comparing expressions such as (15)- (17), (22) 
ON SELF-CONSISTENCY AND RESONANT

RESPONSE
Before discussing observations, one question concerning self-consistency should be addressed. We have been treating field and particle distributions as if they were unconnected. In a full description of wave phenomena that is not possible. In particular, there is a strong interaction between waves and resonant particles which can be viewed as causing diffusion in phase space, during which energy is exchanged between waves and particles [-Southwood, 1980-] . If the source of wave energy is the resonant particles themselves, then in equilibrium the particle energy lost in resonant diffusion balances the wave energy lost by, say, radiation or some other damping process. A consequence of this notion is that where there are few wavedamping mechanisms, the net resonant diffusion associated with an instability that has equilibrated will be slight, as little energy is required to maintain the waves [Southwood, 1983-] .
The diffusion coefficient is proportional to the wave power and will not go to zero with equilibration. Rather, the distribution gradient along the phase space diffusion path will tend to zero. One may confirm (see, e.g., Southwood [-1980-] ) that the relevant gradient is the combination of spatial (through to*) and energy gradients multiplying the resonant term in, say, (25) or (39). In such circumstances, the characteristic inquadrature resonant response will be small. can be satisfactorily obtained from the 00-48 ø measurements at field minimum, and the result is indeed consistent with expectations for a dominant mirror effect. It should be noted that this conclusion is independent of the details of wave structure or the generation mechanism (e.g., drift mirror instability, resonant particle-driven instability, etc.). The data shown in Figure 2 The mirror effect can also be invoked to explain the rather complicated field and particle flux coupling evident in the 75-to 98-keV channel. As indicated in the calculation presented above, large changes in pitch angle are produced between field maxima and minima in a signal as large as that being considered. Should the pitch angle distribution vary other than monotonically over the range through which the wave induces pitch angle changes, the flux oscillation will reflect the variation. Let us say that the particles with 90 ø pitch angle when the field is maximum have pitch angle •s• when the field is minimum. Now consider a background pitch angle distribution with a maximum at a pitch angle between 90 ø and as illustrated in Figure 4a . When the field is maximum and minimum, the detector will detect a flux proportional to the distribution at %• and 90 ø, respectively. At other times, it will detect the flux corresponding to the distribution at intermediate pitch angles. In the original distribution the flux increases as one moves to lower pitch angle from 90 ø and to higher pitch angle from •s•, so local minima in flux will occur when the field is at both a maximum and a minimum. A signal such as we show in Figure 4b There is a strong argument against co • rnco* being the pertinent limit. Even if the local plasma distribution had co* independent of ion energy, condition 2 could not simultaneously hold for the energetic electron distribution. As defined in (7), [1982] point out that at geostationary orbit, (3d for a particle with an energy of about 40 keV in a dipole field satisfies (3a = co/rn with the value of •o/rn that they deduce. From this one would conclude that --•40-keV ions are resonant and they would not satisfy condition 1. Rather than the mirror effect, one might expect a quadrature resonant signature in the lower energy channels. The absence of such a signature may be attributable to the saturation of the driving instability mechanism as discussed in section 8 above. Alternatively, the low-energy ions may not be resonant because the dipole approximation may be inappropriate; the field is strongly distorted at the time of the event, with magnitude depressed by more than 25% from its dipole value. In such circumstances, it seems reasonable that the field gradient at synchronous orbit may be substantially increased over its dipole value. Were it doubled, the resonance would be removed from the range of Kremser et al.'s detectors (energy > 22 keV for ions, 27 keV for electrons), and condition 1 could apply within the measured range for both species.
If, on the other hand, the signal is not symmetric but rather antisymmetric, then the dominance of the mirror effect can easily be explained. As Table 1 shows, the mirror effect is expected in antisymmetric waves unless resonance effects are important.
Let us now examine the symmetry of the wave in the light of all the information that has been provided for this event. In addition to Krernser et al. [1981] and Walker et al. [1982] , three other papers have been published [Allan et al., 1982, 1983' Walker et al., 1983] . In the latter paper, the year of the event is erroneously given as 1979. Walker et al. [-1982] showed simultaneous measurements of the ionospheric electric field signal during the disturbance, thus demonstrating that the wave is present all along the field. A standing structure seems reasonable. They concluded that the signal is symmetric, basing the argument on the fact that the compressional magnetic field component bll exceeds Bn, the meridional field perturbation perpendicular to B, with bn/bll • 0.3. A symmetric signal would have a node in bn at the equator and an antinode in bll. The reverse applies to an antisymmetric signal.
GEOS 2 is very close to the equator (•4 ø southern latitude).
It seems unreasonable to claim bll could have a node nearby. The bn/bll ratio observed strongly suggests that the signal is symmetric.
A completely different conclusion regarding wave symmetry was drawn in a subsequent paper by Walker et al. [1983] . Symmetry is also discussed in the paper by Allan et al. [1983] , who compare the amplitudes of the magnetic signal seen on the ground and the transverse signal seen on GEOS 2. They conclude that the amplitude distribution differs strongly from that calculated for a standing toroidal transverse mode [Allan and Knox, 1979] The ATS 6 spacecraft is at 10 ø latitude and thus is farther from the equator than GEOS. However, we expect that the relative size of the amplitudes bn and bll at the spacecraft should still reflect whether they have nodal or antinodal behavior at the equator. In this case, lbn/blll is of order 3; thus it seems likely that bll has a node, and the wave is anti- [Mauk and Mcllwain, 1975] . Sadly, the measurements at any particular energy on this experiment are repeated only every 24 s; thus it is very hard to detect a clear signature of a 100-s wave. Further study is planned using the UCSD data, but suffice it for now to note that there is evidence of modulation in the keV energy range. Furthermore, the background distribution near those energies shows evidence of nonmonotonic variation with energy (Jf/JW > 0). Southwood [1980] points out that such a distribution can be a source of wave energy.
A feature of the data in Figure 7 that we have yet to touch on is the clear phase difference among count rates in the three telescopes. The telescopes look in three different directions. In particular, with respect to the meridian plane, the C telescope looks to the west, A is in the meridian, and B looks to the east.
If the wave phase varies significantly over the Larmor orbit, the phase difference between detectors can be explained, as Su et al. [1977] point out, by recognizing that detectors sample particles whose gyrocenters are displaced to the east or west of the spacecraft. The effect is discussed in detail in paper 3. Now, the value of m deduced above (m • 140) implies an eastwest wavelength of • 1900 km. The Larmor radius of 100-keV particles is of the order of 500 km at synchronous orbit. It thus seems entirely reasonable that the phase difference be attributable to the finite Larmor radius effect.
In conclusion, we feel that in the June 29, 1974, event, we have a wave which is antisymmetric with respect to the equator. The particle response is symptomatic of bounce resonance effects being dominant with resonant particles with • 100 keV being in the high-energy resonance m•3a • cot, and particles with energy near 1 keV being in low-energy resonance. The wavelength is of the order of 1900 km at the equator, and thus finite Larmor radius effects as discussed in paper 3 are also evident.
It may well be that the June 29, 1974, event, and no doubt other Higbie and McPherron [1982] events, is generated by resonantly driven instability (Southwood [1980] ; cf. also Hughes et al. [1978, 1979] ). The reason that the resonant signature is not suppressed (as we suggested it could be in section 6 of this paper) may be the existence of two sets of resonant particles. Energy may be fed between the two sets of ions in resonance. There will also be a low-energy set of resonant electrons for which co • cot,, which will absorb energy from the wave. Note, in contrast, that in a symmetric signal in which drift resonance is dominant, there is only one set of resonant particles, those whose drift matches the perpendicular angular phase velocity.
DISCUSSION
We have outlined systematically the effects a low-frequency (co < cot,) compressional signal can produce in energetic particle flux. In a series of different limits, several forms of characteristic behavior recurred, corresponding to the dominance of either betatron, mirror, resonant, or convective effects. The first three are the most important, and instances of all three were described in the observations in section 7.
The conclusions we drew from the events we studied in detail for this paper were contingent on the assumed symmetry of the signal about the equator. In our reexamination of the GEOS 2 event analyzed by Walker et al. [1982] , we concluded that the signal was likely to be symmetric. As we also concluded that the mirror effect was dominant, strong constraints were placed on how the particles were interacting with the wave. Testing for the mirror effect is straightforward, for not only does it not change the particle energy, but it also depends only on the local field strength and not on wave properties far from the spacecraft. Given pitch angle distribution information for each separate energy channel, a more stringent test can be done which would be worthwhile.
Establishing experimentally that there are classes of compressional waves for which both electron and ion responses are dominated by the mirror effect, as seems to occur in the Kremser et al. [-1981-] events, is significant for any theoretical description of the excitation mechanism. Evidence of this sort can be used as a constraint on self-consistent treatment of fields and particles. Clearly, with very wide energy and pitch angle coverage, particle flux behavior can be used as a very full diagnostic of signal structure. One could envisage such data being used as starting points for theory; unfortunately, spacecraft measurements often fail to give sufficiently complete coverage of both energy and pitch angle. Furthermore, as in the case of the ATS 6 data sets to which we referred above, the time resolution of measurements is inadequate. It is particularly frustrating in the ATS 6 instance, for we feel that we have clearly identified bounce resonance behavior in the energetic particle data set. Ingenious methods of analyzing the UCSD ATS 6 particle data have been used in the past by Hu•lhes et al. [-1979-] , and we plan further investigations. Other welldocumented examples of ULF waves would be valuable for further tests of wave theory. 
Using (All), one may show that indeed this corresponds to (A10), and it is this response that we describe as the "betatron effect."
